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ABSTRACT 
A myriad of optoacoustic imaging systems based on scanning focused ultrasound transducers or on tomographic 
acquisition of pressure signals are available. In all cases, image formation is based on the assumption that ultrasound 
waves undergo no distortion and propagate with constant velocity across the sample and coupling medium (typically 
water). Thereby, ultrasound time-of-flight readings from multiple time-resolved signals are required to form an image. 
Acoustic scattering is known to cause distortion in the signals and is generally to be avoided. In this work, we exploit 
acoustic scattering to physically encode the position of optical absorbers in the acquired time-resolved signals and hence 
reduce the amount of data required to reconstruct an image. This new approach was experimentally tested with an array 
of cylindrically-focused transducers, where a cluster of acoustic scatterers was introduced in the ultrasound propagating 
path between the sample and the array elements. Ultrasound transmission was calibrated by raster scanning a light-
absorbing particle across the effective field of view. The acquired calibrating signals were then used for the development 
of a regularized model-based iterative algorithm that enabled reconstructing an image from a relatively low number of 
optoacoustic signals. A relatively short acquisition time window was needed to capture the entire optoacoustic field, 
which demonstrates the high signal compression efficiency. The feasibility to form an image with a relatively low 
number of signals is expected to play a major role in the development of a new generation of optoacoustic imaging 
systems. 




Optoacoustic (OA, photoacoustic) imaging takes advantage of the low scattering of ultrasound waves relative to light in 
biological tissues to render high-resolution images at depths well-beyond the light diffusion limit [1,2]. Optical contrast 
(absorption) mapping is achieved based on ultrasound time-of-flight readings from multiple time-resolved signals 
acquired by either scanning a single-element transducer or by using a transducer array. Multiple types of ultrasound 
transducers and scanning geometries have been suggested in a myriad of OA tomographic embodiments to image small 
animals and selected areas in humans [3-8]. In all these systems, image formation is based on the assumption that 
ultrasound waves undergo no distortion and propagate with constant velocity across the sample and coupling medium 
(typically water). However, acoustic reflections or acoustic scattering may take place at internal structures within the 
sample. These phenomena are generally undesirable as they can severely deteriorate the images obtained with standard 
reconstruction methods [9-11]. 
Acoustic reflections and scattering generally lead to the appearance of late responses in the time-resolved signals 
collected at different positions, which are known to be the cause of arc-type artefacts in OA images [12]. However, late 
signal responses can contain useful information to be used for image formation. For example, acoustic reflectors 
(mirrors) have been included in OA tomographic imaging systems based on linear or planar arrays to be able to acquire 
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the pressure signals at the “virtual detector” locations [13]. This effectively doubles the information contained in each 
acquisition and enables maximizing the effective angular coverage and so avoid so-called limited-view effects [14]. 
Indeed, multiple OA signals are required to trilaterate the location of optical absorbers, and the additional information 
associated to acoustic reflections can effectively reduce the number of signals required. The location of an absorber can 
potentially be encoded in a single time-resolved signal if a sufficient number of reflected waves are acquired, for which a 
relatively large acquisition window is needed. 
In this work, we suggest a method to encode the spatial location of optical absorbers in time-resolved OA signals based 
on multiple scattering of ultrasound waves. For this, randomly distributed acoustic scatterers are placed in front of a 
transducer array, which provide a distinctive ultrasound propagation path for the waves generated at each point of the 
region of interest. As a consequence, the number of signals required for OA reconstructing can be significantly reduced 
without considerably enlarging the acquisition time window.  
 
2. MATERIALS AND METHODS 
 
2.1 Experimental set-up 
 
A lay-out of the experimental system used to test the suggested approach is depicted in Fig. 1a. Basically, a full-ring 
(~360°) array of cylindrically-focused transducers was employed to collect the OA signals generated by directly 
illuminating a light-absorbing sample located within the focal plane. The custom-made detector array (Imasonic SaS, 
Voray, France) consists of two concave sub-arrays with 256 elements each (512 elements in total). Each sub-array has 
active angular aperture of 174°, a radius of curvature of 40 mm, a focal distance of 38 mm and an inter-element pitch of 
0.47 mm [15]. The detection elements have a central frequency of 5 MHz and >80% detection bandwidth. The 
dimensions of the elements are 0.37x15 mm2. Illumination was provided with an optical parametric oscillator (OPO)-
based laser (Innolas GmbH, Krailling, Germany) operating at a pulse repetition of 100 Hz and tuned to 720 nm to 
achieve maximum energy per pulse.  
A cluster of acoustic scatterers were randomly distributed along a circular ring coaxially-aligned with the array (Fig. 1c). 
Specifically, ~300 borosilicate capillary glass tubings with inside and outside diameters of 0.86 and 1.50 mm 
respectively (Warner Instruments LLC, Hamden, USA) were distributed along an annulus with 16 mm radius and 20 mm 
thickness. The effects of acoustic scattering in the collected OA signals are illustrated in Figs. 1b and 1d. Fig. 1b shows 
the OA signal corresponding to a ~100 μm polyethylene microsphere (Cospheric LLC, Santa Barbara, USA) being 
acquired with a transducer element of the array with no scatterers in the propagating path. It is shown that the signal is 
confined in time to a small interval Δt1~1/BW centered at t=d/c, being BW the detection bandwidth, d the distance 
between the sphere and the sensor and c the speed of sound. Fig. 1d displays the signal acquired with a high density of 
scatterers in the ultrasound propagating path equivalent to that in the experimental set-up. This signal exhibits a complex 
pattern expanding for Δt2~10 μs with no dominant peaks, in a way that all sampling instants within Δt2 contain 
information on the location of the OA point source. 
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where p is a column vector containing the signal(s) for a set of measuring positions and instants and H is a vector 
containing the pixel intensities of the scanning grid. M is the model matrix, whose columns are the signal(s) acquired for 
each position of the scanned particle, or alternatively, a linear superposition of those. Tomographic reconstruction of an 
OA from the acquired signals pm can be performed via 
 = argmin ‖ − ‖ + ‖ ‖ ,  (3) 
 
where the parameter λ allows weighting the regularization term ‖ ‖ , with l=1 or l=2. 
 
2.3 Experimental measurements 
 
The feasibility to reconstruct an image with the suggested approach was tested with a  ~100 μm polyethylene 
microsphere scanned at random points within the ROI not included in the calibration grid. The 512 OA signals of all 
array elements were digitized at 40 megasamples per second for a time window of 494 samples delayed by 20 μs with 
respect to the emission of the laser pulse. The matrix M was built by considering a single time-resolved signal was 





Exemplary results obtained for the experiments described in section 2.3 are displayed in Fig. 2. Specifically, the 
reconstructions rendered for a single microparticle and for a distribution of three microparticles are displayed in the left 
and right columns, respectively. The results obtained with L2-norm-based regularization (l=2 in Eq. 3) are shown in 
Figs. 2a and 2b, while the equivalent results obtained with L1-norm-based regularization (l=1 in Eq. 3) are displayed in 
Figs. 2c and 2d. It is shown that the width of the reconstructed microparticles is lower when using the L1 norm. 
However, this must not be ascribed to a higher spatial resolution but rather to the sparsity conditions imposed. It is also 
shown that noisier images are rendered when reconstructing several microparticles. Indeed, OA reconstruction from a 
single signal becomes challenging when reducing the sparsity of the images, and accurate results could not be achieved 
for a larger number of microparticles. 
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be possible, which is highly important for the clinical translation of the OA technology [25,26]. Overall, the feasibility to 
form an image with a single time-resolved signal is expected to play a major role in the development of cheaper, faster 
and more efficient OA imaging systems. 
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